mechanical stress; mechanotransduction; stem cell; EPC ENDOTHELIAL CELLS have the ability of cell division and migration not only in embryos but also in adult life. When part of the endothelium is injured and detached, neighboring endothelial cells proliferate, migrate, and cover the exposed surface. In addition, endothelial cells always regenerate and new blood vessels are made in hypoxic lesions. Endothelial progenitor cells (EPCs) are also demonstrated to play an important role in vascular regeneration (4) . EPCs are mobilized from bone marrow to peripheral blood, attach to existing endothelial cells in nearby hypoxic lesions, transmigrate into tissue, proliferate, differentiate, secrete angiogenic factors, and induce neovascularization (24, 27, 28) .
Since the discovery of EPCs, various methods to identify and isolate EPCs have been used (16, 47, 71) . This is because EPCs are thought to exist in the broad process of differentiation between hemangioblastic stem cells and mature endothelial cells. Recently, immature EPCs were defined as circulating blood cells that form EPC colonies (34) . These colony-forming EPCs are derived from hematopoietic stem cell (HSC) populations and express surface antigens such as CD34, CD133, vascular endothelial growth factor (VEGF) receptor 2 (VEGF-R2, also called Flk1 or KDR), c-Kit, protein receptor tyrosine kinase, epithelial-specific (Tie2) (3) . Along with differential processes, colony-forming EPCs lose immature markers and acquire other endothelial or monocyte markers, such as vascular endothelial cadherin (VE-cadherin), E-selectin, integrin ␣ v /␤ 3 , and CD14. Then EPCs commit to a non-colony-forming EPC stage. These differentiating EPCs transform from circulating phenotype in a suspended manner into tissue phenotype in an attached manner after homing to ischemic or regenerative organs. Following the elucidation of these differential steps by new technologies, investigation of the molecular and physiological mechanisms at respective stages of EPC development is needed.
Mechanical forces, including shear stress, stretch tension, and hydrostatic pressure, affect endothelial cells for maintaining the vascular system in a physiologic state like chemical mediators, such as hormones, cytokines, and neurotransmitters. Shear stress is generated by blood flow and tissue fluid flow, and it plays an important role in angiogenesis, vascular tone control, and vascular remodeling. Impairment of responses to hemodynamic forces leads to the development of various vascular diseases, such as hypertension, thrombosis, aneurysm formation, and arteriosclerosis (6, 14, 41) . When endothelial cells sense shear stress, they change the cell shape, function, and gene expression. Mechanotransduction by shear stress is complex, and multiple transduction pathways are activated through membrane molecules and cellular microdomains, including calcium ion channels, G proteins, tyrosine kinase receptors, adhesive proteins, caveolae, the cytoskeleton, and the glycocalyx (2, 9, 12, 46) . Shear stress has been proven to influence EPCs as differentiated endothelial cells (43, 66) . However, these were investigated in terms of shear stress effects on attached EPCs on the plate as tissue phenotype EPC research.
Shear stress influences not only tissue phenotype attached cells but circulating hematopoietic cells. It is involved in biological activation mechanisms in platelet aggregation (40) , leukocyte adhesion (33) , and erythrocyte deformability (39) . Moreover, it induces differentiation of immature cells, flk1 positive embryonic stem (ES) cells and embryonic mesenchymal progenitor cells towards the vascular endothelial lineages (36, 63, 65) , megakaryocytes into platelets (15) , and embryonic HSCs into hematopoietic cells (1) .
In this regard, we speculate that the signal of shear stress in blood flow may regulate the biology of not only tissue phenotype EPCs but also immature circulating phenotype EPCs derived from bone marrow microenvironments in vivo. Considering the functional environment for circulating EPCs, we focus on the effect of low shear stress, possibly in peripheral flow in tissues such as in ischemic lesions. Here we used CD133-positive cells as a source of colony-forming phenotype EPCs to investigate whether relatively low shear stress influences biological floating-circulating EPCs in a suspension culture. Moreover, we investigated the signal transduction pathways in response to shear stress in these EPCs.
1

MATERIALS AND METHODS
Isolation and preparation of human CD133-positive cells.
The protocol used in this study was approved by the Tokai University Research Ethics Committee, Japan, and written informed consent was obtained from all participants. Human CD133-positive cells were prepared from freshly obtained human umbilical cord blood samples as follows. Umbilical cord blood mononuclear cells were isolated by density gradient centrifugation of buffy coats using histopaque1077 (Sigma-Aldrich). CD133-positive cells were purified from the mononuclear cells using anti-CD133 monoclonal antibody-conjugated microbeads (Miltenyi Biotec) and a magnetically activated cell sorter (auto-MACS; Miltenyi Biotec) following the manufacturer's protocol. To confirm the purity of CD133-positive cells, the enriched CD133-positive cells were used in cytometric analyses using a FACSCalibur flow cytometer (BD Biosciences). The isolated cells contained almost 99% purity CD133-positive cells. The isolated CD133-positive cells were resuspended with freezing medium (CELLBANKER; Zenoaq) and were cryopreserved until use.
Ex vivo suspension culture of EPCs. Freshly isolated EPCs were expanded as follows (35) . CD133-positive cells (3 ϫ 10 5 ) were cultured at 37°C under a 5% CO2 atmosphere in Stem Span media (StemCell Technologies) with 50 ng/ml VEGF (R&D Systems), 20 ng/ml interleukin-6 (R&D Systems), 100 ng/ml stem cell factor (Kirin), 20 ng/ml thrombopoietin (Wako), 100 ng/ml Fms-related tyrosine kinase 3 ligand (Wako), and 1% penicillin-streptomycin (Invitrogen) in a suspended manner for 7 days. The surface protein expression rates of ex vivo expanded EPCs were analyzed by flow cytometry. The expression rates of CD133, CD34, and c-Kit were 40.0 Ϯ 10.4%, 50.2 Ϯ 12.5%, and 46.9 Ϯ 19.6%, respectively. This indicates that ex vivo expanded EPCs keep approximately half of the characteristics of freshly isolated EPCs. To investigate the effect of shear stress ex vivo, expanded EPCs were applied on culture dishes coated with 100 g/ml solution of human fibronectin (GIBCO) and cultured in M199 medium (GIBCO) with 5% fetal bovine serum (FBS) (JRH), EGM2 (VEGF, fibroblast growth factor-2, epidermal growth factor, insulin-like growth factor-1, and ascorbic acid) (Clonetics), and 10% dextran (Sigma-Aldrich) for 1 or 2 days.
Shear stress loading experiments. Ex vivo expanded EPCs were exposed to laminar shear stress with a rotating-disk-type flow-loading device for 1 or 2 days followed by all the other assays, as previously described (42) . Briefly, a dish containing cultured EPCs was placed on the stage of the device, and a stainless steel disk was placed in the dish. The rotation of the disk caused the medium to flow in concentric circles, thereby exerting laminar shear stress on the cells. The intensity of the shear stress () was calculated thusly: ϭ r /d, where is fluid viscosity, r is the radial distance from the center of the dish, is angular velocity, and d is the distance between the disk and the dish. The device generates a gradient of shear stress that is dependent on the distance from the center of the dish, and the shear stress applied ranged from 0.1 to 5 dyn/cm 2 . Since all cells from a single dish, not from regions of the dish at various radii, were used for the assays, the results of the assays represent averaged cell responses to different levels of shear stress within the above range. Dextran (10%) (mol wt 100,000 -200,000; Sigma-Aldrich) was added in all mediums to increase viscosity and generate a high shear stress. The culture medium with 10% dextran had viscosity of 0.0794 Poise and osmolarity of 289 mosM. The achieved levels of shear stress were 0.25, 0.5, 1.0, 2.5 dyn/cm 2 by changing the angular velocity and the distance between the disk and the dish. All experiments were performed at 37°C in a CO2 incubator.
Adhesion assay. EPCs (2 ϫ 10 4 ) in suspension under a static condition or exposed to shear stress for 24 h were seeded onto a human fibronectin-coated 96-well culture dish in M199 medium with 1% FBS and 10% dextran. After incubation in a 5% CO 2 incubator for 6 h, nonadherent cells were removed by gently washing twice with phosphate-buffered saline (PBS). The adhesive cells were examined under a phase-contrast microscope (ECLIPSE TE300, Nikon) equipped with a digital camera DSL1 (Nikon), the images (ϫ10) were imported as JPEG files into National Institutes of Health (NIH) Image software. The number of adhesion cells per image was measured.
Migration assay. A modified Boyden chamber assay was performed. Using a 24-well transwell plate with 5-m pore size polycarbonate membranes (Corning Costar), the bottom of the chamber contained M199 medium with 10% dextran, and 5 ϫ 10 4 EPCs under a static condition or exposed to shear stress for 24 h were seeded in the upper chamber coated with fibronectin. The migrated cells through the upper chamber were fixated with VECTASHIELD including 4=,6-diamino-2-phenylindole (DAPI) (Vector) and were counted in random fields (ϫ10) under a fluorescence microscope (IX70, Olympus).
Proliferation assay. The cleavage amount of tetrazolium salt to formazan by cellular mitochondrial dehydrogenase was measured. EPCs (1 ϫ 10 5 ) under a static condition or exposed to shear stress for 24 h were seeded to each well of fibronectin-coated 96-well plates and cultured in M199 medium with 5% FBS and 10% dextran for 24 h. Thereafter, the cell proliferation assay reagent WST-1 (Roche Applied Science) was added and incubated for 5 h. Absorbance at 450 nm was measured using SpectraMax 250 microplate reader (Molecular Devices) and Softmax Pro (Molecular Devices).
Apoptosis assay. EPCs under a static condition or exposed to shear stress for 24 h were cultured in M199 medium with 5% FBS, 10% dextran, and 0.3 mM H 2O2 for 24 h. The cytoplasmic histoneassociated DNA fragments were measured by a cell death detection ELISAPLUS kit (Roche Diagnostics) according to standard procedures.
Tube formation. EPCs (2 ϫ 10 3 ) under a static condition or exposed to shear stress for 24 h and 1.5 ϫ 10 4 human umbilical vein endothelial cells (HUVECs) were applied in EBM-2 medium (Clonetics) with 2% FBS, and were added in equivalent Matrigel (BD Falcon) in a 96-well plate. After incubation at 37°C in an atmosphere of 5% CO 2, gels were observed by using a phase-contrast microscope (ϫ4). The number of circles per tube structure was counted in each image.
EPC colony-forming assay. We have used an EPC colony-forming assay, developed in our laboratory (34) , to define the differentiation stages and angiogenic abilities of EPCs. Briefly, 5 ϫ 10 3 EPCs under a static condition or exposed to shear stress for 24 h were applied in methylcellulose-containing M3236 medium (StemCell Technologies) with 20 ng/ml stem cell factor (Kirin), 50 ng/ml VEGF (R&D Systems), 20 ng/ml interleukin-3 (Kirin), 50 ng/ml basic fibroblast growth factor (Wako), 50 ng/ml epidermal growth factor (Wako), 50 ng/ml insulin-like growth factor-1 (Wako), and 2 U/ml heparin (Ajinomoto) in a 3-cm dish. After 15 days in culture, the number of small or large type EPC colonies was counted under a phase-contrast microscope.
Real-time PCR analysis. Total RNA samples were prepared from EPCs under a static condition or exposed to shear stress for 48 h with RNeasy Mini Kit (Qiagen), and first-strand cDNA was generated using a PrimeScript RT reagent Kit (Takara). After reverse transcription of the RNA into cDNA, real-time polymerase chain reaction (PCR) was used to monitor gene expression with a 7500 Fast RealTime PCR System (Applied Biosystems) according to standard procedures. PCR was performed with a TaqMan Fast Universal PCR Master Mix or SYBR Green PCR Master Mix (Applied Biosystems), and primer pairs and TaqMan probes for VEGF-R2, VE-cadherin, Tie2, VEGF, purchased from Applied Biosystems, vascular endothelial growth factor receptor 1 (VEGF-R1, also called Flt1), endothelial nitric oxide synthase (eNOS), matrix metalloproteinase 9 (MMP9), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively ( Table 1 ). The temperature profile consisted of initial denaturation for 20 s at 95°C, followed by 40 cycles of denaturation at 95°C for 3 s, annealing and elongation at 62°C for 30 s, and fluorescence monitoring at 60°C. The specificity of the amplification reaction was Fig. 1 . Effect of shear stress on adhesion, migration, proliferation, and antiapoptosis. A: endothelial progenitor cells (EPCs) under a static condition (Static) or exposed to a shear stress of 2.5 dyn/cm 2 for 24 h (Flow) were cultured for 6 h, and the adhesive cells were observed by a phase-contrast microscope (ϫ10). Shear-stressed EPCs significantly increased adhesion and some cells became elongated. B: the number of adhesive cells per high power field (HPF) was counted. C: nuclei of migrated EPCs were stained with DAPI (ϫ10). D: the number of migrated cells was counted. Shear stress increased migration. E: EPCs were cultured for 24 h and the proliferation activity was measured. Shear stress increased proliferation. F: EPCs were cultured with H2O2 for 24 h and the DNA fragmentation level was measured. Shear-stressed EPCs treated with H2O2 did not increase the DNA fragmentation level. Values are means Ϯ SD of three samples. **P Ͻ 0.01, *P Ͻ 0.05 vs. static control.
determined by performing a standard curve analysis and a melting curve analysis. Relative signal quantification was achieved by normalizing the signal of each gene to that of the GAPDH gene.
Flow cytometry. EPCs under a static condition or exposed to shear stress for 24 or 48 h were washed with cold PBS and were resuspended in PBS with FcR blocking reagent (MACS), 0.2% FBS, and 2 mM EDTA at 4°C for 30 min. Then, EPCs were stained with monoclonal antibodies specific for the following surface antigens: CD31 (platelet-endothelial cell adhesion molecule 1; PECAM1) (Becton Dickinson), CD34 (Becton Dickinson), CD51/61 (integrin ␣ v/␤3) (Becton Dickinson), CD62E (E-selectin) (Becton Dickinson), CD106 (vascular cell adhesion molecule 1; VCAM1) (Becton Dickinson), CD117 (c-Kit) (MACS), CD133 (MACS), CD144 (VE-cadherin) (Beckman Coulter), CD202b (Tie2) (R&D), CD309 (VEGF-R2) (R&D), VEGF-R1 (R&D). After incubation at 4°C for 30 min they were washed twice and were analyzed by a two-color flow cytometry.
Western blot analysis. EPCs under a static condition or exposed to shear stress for 30 min were washed with cold PBS and resuspended in RIPA lysis buffer containing protease inhibitor cocktail (Santa Cruz). Lysates were centrifuged at 26,000 g for 30 min, and the supernatants were mixed with NuPAGE LDS sample buffer (Invitrogen) adding 10% ␤-mercaptoethanol for SDS-PAGE. Gels were transferred to Immobilon polyvinylidene difluoride membranes (Millipore), and the membranes were blocked in PBS with 3% bovine serum albumin (BSA) and 0.1% NaN 3 and incubated overnight at 4°C with the antibodies against phospho-VEGF-R2 (Cell Signaling) and Actin (Sigma). The membranes were then washed with PBS with 0.05% Tween 20 and incubated with IgG horseradish-peroxidaseconjugated antibody (GE Healthcare), and the blots were developed with an enhanced chemiluminescence kit (Millipore) and visualized by Cool Saver (ATTO) and CS Analyzer (ATTO). The intensity of each developed band was measured using a software image analyzer (ImageJ 1.34s, NIH). Quantitative analysis was achieved by normalizing the signal of phospho-VEGF-R2 to that of actin.
Enzyme-linked immunosorbent assay. EPCs (5 ϫ 10 6 ) were cultured in IMDM medium (GIBCO) with 0.1% BSA for 18 h. Then EPCs were cultured under a static condition or an exposure of shear stress for 30 min, and the amount of human VEGF 165 in the medium was measured by a Quantikine ELISA kit (R&D Systems) according to standard procedures.
Inhibitor analysis. The signal transduction inhibitors used were as follows: 10 M LY294002 (Cell Signaling), 50 nM rapamycin (Calbiocem), 10 M PD98059 (Calbiocem), 10 M JNK inhibitor II (Calbiocem), and 10 M SB203580 (Calbiocem).
Statistical analysis. All results are expressed as means Ϯ SD. Statistical significance was evaluated by ANOVA and a Bonferonni adjustment applied to the results of a t-test performed with SPSS software. P Ͻ 0.05 was regarded as statistically significant.
RESULTS
Shear stress increases bioactivities of adhesion, migration, proliferation, and antiapoptosis. An adhesion assay was performed to investigate whether shear stress affects the adhesion of floating-circulating phenotype EPCs. The exposure of EPCs to a shear stress of 2.5 dyn/cm 2 for 24 h significantly increased the adhesion number (Fig. 1, A and B) . Some EPCs exposed to shear stress became elongated. A migration assay was performed to study whether shear stress affects the migration of EPCs. By using a modified Boyden chamber, nuclei of migrated cells were observed (Fig.  1C) . The exposure of EPCs to a shear stress of 2.5 dyn/cm 2 for 24 h increased the number of migrated cells (Fig. 1D) .
A proliferation assay was performed to investigate whether shear stress affects the proliferation of EPCs. The exposure of EPCs to a shear stress of 2.5 dyn/cm 2 for 24 h significantly increased the proliferation activity (Fig. 1E) .
A H 2 O 2 -induced apoptosis assay was performed to determine whether shear stress affects the survival bioactivity of EPCs. A DNA fragmentation level of static EPCs treated with H 2 O 2 increased three-fold. On the other hand, that of EPCs exposed to a shear stress of 2.5 dyn/cm 2 for 24 h with H 2 O 2 did not increase (Fig. 1F) . This indicates that shear stress increases antiapoptosis potential.
Shear stress increases tube formation and differentiated EPC colony formation. To investigate whether shear stress affects the ability of EPCs to form capillary-like tubes, a tube formation assay was examined microscopically. Control EPCs, cultured under static conditions, interconnected and had formed tightly adherent cords of cells as early as 2 h after seeding. Formation of tubelike structures became more prominent at 3 h, and an extensive tubular network was observed at 4 h ( Fig. 2A) . A quantitative analysis showed that shear-stressed EPCs increased the sum of circles at any time point (Fig. 2B) .
We have reported that primitive or definitive types of EPC colonies allow us to predict the potential of EPC differentiation (34) . The primitive, small cell-sized EPC colony has a higher proliferation potential and is composed of immature EPCs. Meanwhile, the definitive, large cell-sized EPC colony has more vasculogenic properties and is composed of differentiating EPCs (Fig. 2C ). An EPC colony-forming assay was performed to determine whether shear stress affects the endothelial differentiation. The exposure of EPCs to a shear stress of 2.5 dyn/cm 2 for 24 h decreased the number of primitive EPC colonies; on the other hand, it increased that of definitive EPC colonies (Fig. 2D) . This indicates that the effect of shear stress induces endothelial differentiation of circulating phenotype EPCs.
Shear stress increases the protein expression of endothelial markers. Floating-circulating phenotype EPCs were exposed to a shear stress of 2.5 dyn/cm 2 for 24 and 48 h, and changes in the surface protein expression rate of the endothelial markers VEGF-R1, VEGF-R2, VE-cadherin, and Tie2, and the activated endothelial markers VCAM1, E-selectin, and integrin ␣ v /␤ 3 were Fig. 4 . Effect of shear stress on mRNA expression levels. The mRNA expression levels of EPCs under a static condition (Static) or exposed to a shear stress of 2.5 dyn/cm 2 for 48 h (Flow) were analyzed by real-time PCR. Shear stress increased gene expression levels of VEGF-R1, VEGF-R2, VE-cadherin, Tie2, endothelial nitric oxide synthase (eNOS), matrix metalloproteinase 9 (MMP9), and VEGF. All values are means Ϯ SD of 5 samples. **P Ͻ 0.01, *P Ͻ 0.05 vs. static control.
analyzed by flow cytometry. The protein expression levels did not change in 24 h-shear-stressed EPCs, but those markedly increased in response to shear stress for 48 h (Fig. 3A) . Next, floatingcirculating phenotype EPCs were exposed to shear stress of 0.25 to 2.5 dyn/cm 2 for 48 h, and changes in the surface protein expression rate of the endothelial markers VEGF-R1, VEGF-R2, VE-cadherin, and Tie2 were analyzed. Although the response patterns to the magnitude of shear stress varied among the proteins, the flow-induced protein increases were dependent on the magnitude of shear stress (Fig. 3B) .
Shear stress increases endothelial marker gene expression in EPCs. Floating-circulating phenotype EPCs were exposed to a shear stress of 2.5 dyn/cm 2 for 48 h, and changes in the mRNA levels of the endothelial markers VEGF-R1, VEGF-R2, VE-cadherin, and Tie2, and angiogenic factors eNOS, MMP9, and VEGF were analyzed by real-time PCR. The expression levels of these genes significantly increased in response to shear stress (Fig. 4) .
These findings indicate that shear stress increases the surface expression level of endothelial marker proteins by affecting those genes and induces floating-circulating phenotype EPCs into endothelial differentiation.
Signal transduction pathways involved in proliferation, adhesion, tube formation, and differentiation. To investigate which signal transduction pathways take part in proliferation, adhesion, tube formation, and differentiation in response to shear stress, inhibitors of signal transduction pathways were added in those assays. LY294002, rapamycin, PD98059, JNK inhibitor II, and SB203580 were used as the specific inhibitors of phosphoinositide 3-kinase (PI3K), mammalian target of rapamycin (mTOR), extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun NH 2 -terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38), respectively.
A proliferation assay with inhibitors showed that the PI3K inhibitor, the mTOR inhibitor, and the ERK1/2 inhibitor decreased proliferation activity, whereas the JNK inhibitor and the p38 inhibitor did not change it (Fig. 5A ). This indicates that the PI3K/Akt/mTOR and ERK1/2 pathways are involved in proliferation in response to shear stress.
An adhesion assay with inhibitors displayed that both the PI3K inhibitor and the mTOR inhibitor inhibited adhesion; however, other inhibitors had no effect (Fig. 5B) . This indicates that only the PI3K/ Akt/mTOR pathway takes part in flow-induced adhesion.
A tube formation assay showed that every inhibitor suppressed tube formation (Fig. 5C) , suggesting PI3K/Akt/mTOR, ERK1/2, JNK, and p38 are involved in shear stress-responsive tube formation.
A colony assay indicated that every inhibitor increased the number of primitive EPC colonies; on the other hand, it decreased the number of definitive EPC colonies (Fig. 5D) . This means that PI3K/Akt/mTOR, ERK1/2, JNK, and p38 are involved in shear stress-inducing differentiation.
To confirm which signal transduction pathway is most important in differentiation, EPCs with inhibitors were exposed to a shear stress of 2.5 dyn/cm 2 for 48 h and endothelial marker proteins were analyzed. Both the PI3K inhibitor and the mTOR inhibitor markedly decreased the expression rate of endothelial protein markers VEGF-R1, VEGF-R2, VE-cadherin, and Tie2 (Fig. 6) . However, the ERK1/2 inhibitor did not change endothelial marker expression; the JNK inhibitor decreased expression rates of VEGF-R1 and VE-cadherin; and the p38 inhibitor decreased expression rates of VEGF-R2 and VE-cadherin. These results indicate that the PI3K/Akt/mTOR pathway is the most potent activator of differentiation in response to shear stress. Shear stress activates the VEGF-R2 phosphorylation. Floating-circulating phenotype EPCs were cultured under a static condition or exposed to a shear stress of 2.5 dyn/cm 2 for 30 min, and the VEGF-R2 phosphorylation levels were analyzed by Western blotting (Fig. 7, A and B) . Shear stress markedly increased the VEGF-R2 phosphorylation level. To investigate whether shear stress activates VEGF-R2 directly, or indirectly, when EPCs are stimulated and VEGF, a ligand of VEGF-R2, is released, the amount of human VEGF in the medium was measured by ELISA (Fig. 7C) . The amount of VEGF under exposure of a shear stress of 2.5 dyn/cm 2 for 30 min was similar with that under static conditions. This suggests that shear stress causes VEGF-R2 phosphorylation in a ligand-independent manner.
DISCUSSION
The results of this study showed that in floating-circulating phenotype EPCs, cultured in a suspended manner, shear stress enlarged the bioactivities of adhesion, migration, proliferation, antiapoptosis, and tube formation, as the mRNA expression (3). Colony-forming EPCs are mobilized from bone marrow to peripheral blood. They organize two types of colonies. The primitive, small cell-sized EPC colony has a higher proliferation potential and is composed of immature EPCs. On the other hand, the definitive, large cellsized EPC colony has more vasculogenic properties and is composed of differentiating EPCs. When colony-forming EPCs differentiate, they become non-colony-forming EPCs which do not form colonies, home to ischemic lesions, and attach to existing endothelial cells. The attached tissue type EPCs are potentially vasculogenic to make new blood vessels by themselves and deliver angiogenic cytokines into tissue.
We have previously shown that in attached tissue type EPCs, shear stress markedly increases the expression of VEGF-R1, VEGF-R2, and VE-cadherin, and arterial endothelial markers ephrinB2, Notch1/3, Hey1/2, and ALK1, whereas it decreases venous endothelial markers EphB4 and NRP2 (43, 66) . This suggests that shear stress induces differential signals in attached EPCs for endothelial cell maturation and, moreover, for arterial but not venous commitment. We have also demonstrated that when attached tissue type EPCs were exposed to shear stress they became elongated, oriented their long axes in the direction of flow, and bioactivities of proliferation and tube formation increased. Other reports showed that shear stress increased products of nitric oxide, prostaglandin F1␣, thrombomodulin, tissue-type plasminogen activator, and the activity of superoxide dismutase (5, 60, 61, 68, 69) . The results of our study showed that the physiological environmental factor shear stress plays an important role for the differentiation and bioactivities of not only attached tissue type EPCs but also floating-circulating phenotype EPCs.
Moreover, shear stress has been found to affect cell differentiation in embryos (19, 56) . When flk1-positive cells derived from ES cells were exposed to shear stress, the protein and mRNA expression levels of flk1, flt1, VE-cadherin, and PECAM increased via flk1 phosphorylation (65) . Furthermore, in those cells, shear stress increased arterial endothelial markers Dll4, jagged1/2, Notch1/4, and ephrinB2, whereas it decreased venous endothelial marker EphB4 (36) . The response to shear stress took part in the activation of flk1, protein kinase C (PKC), mitogen-activated protein kinase kinase (MAPKK), ERK, and PI3K/Akt. Another report showed that shear stress induced endothelial differentiation of ES cells (72) . The differentiation mechanism was involved in the stabilization and activation of histone deacetylase 3 (HDAC3) through the flk1/PI3K/Akt pathway, which in turn deacetylated p53, leading to p21 activation. These findings indicate that shear stress is important for the regulation of differentiation programs in embryos and adults.
The EPC colony-forming assay revealed that shear stress induced differentiation of circulating colony-forming EPCs. Moreover, shear stress increased adhesion and expression levels of endothelial markers through the PI3K/Akt/mTOR pathway (Fig. 8) . Furthermore, shear stress activates the VEGF-R2 phosphorylation in a ligand-independent manner. This is the first study to report that shear stress induces differentiation of immature progenitor cells derived from bone marrow in human adults. Previous research reported that shear stress activates PI3K/Akt, ERK1/2, JNK, and p38 signal transduction pathways in mature endothelial cells (2, 57) and also in attached tissue type EPCs (10, 70, 72) . It also activates several tyrosine kinases such as Src family kinases, focal adhesion kinase, proline-rich tyrosine kinase 2, GRB2-associated binding protein 1, p190RhoGAP, and VEGF-R2 (7, 21, 23, 30, 45, 53, 58, 59, 67) . Especially the flow-induced phosphorylation of VEGF-R2 activates PI3K/Akt, ERK1/2, and p38 signal transduction pathways (17, 22, 62) . However, the molecular mechanism by which shear stress activates the phosphorylation of VEGF-R2 is not well known (51, 57, 64) . Thus, elucidation of VEGF-R2 phosphorylation would provide deeper insight into the mechanism of shear stress-mediated EPC differentiation.
Shear stress influences the expression of endothelial marker genes through transcription factors such as specificity protein 1 (Sp1) (31), nuclear factor-B (NF-B) (26) , adaptor-related protein complex 1 (AP-1) (54), early growth response 1 (EGR1) (25), nuclear respiratory factor 2 (NRF2) (8), Kruppellike factor 2 (KLF2) (13) , and v-ets avian erythroblastosis virus 26 oncogene homolog 1 (ETS1) (37) . These transcription factors are regulated by the PI3K/Akt/mTOR signal transduction at basal levels (11, 29, 32, 38, 44, 50, 52, 55) . Our result is the first report that shear stress induces endothelial differentiation through the PI3K/Akt/mTOR pathway. However, it is unclear which transcription factor is the most important for shear stress-induced endothelial differentiation via the PI3K/ Akt/mTOR pathway. Making it clear will be the key to understanding endothelial differentiation of not only circulating EPCs but also vascular development. There are several studies reporting that shear stress regulates bioactivities and differentiation of hematopoietic cells and HSCs. When human CD34-positive cells were exposed to under 0.4 dyn/cm 2 of shear stress they did not attach; however, when they were exposed to over 0.4 dyn/cm 2 of shear stress they become attached through L-selectin-ligand binding (49) . Other studies have reported that the shear stress-induced adhesion of CD34-positive cells was involved in P-selectin, E-selectin, the CD44 ligand, very late antigen-4 (VLA-4), and lymphocyte function-associated antigen-1 (LFA-1) (48). CD34-positive and CD38-negative cells, immature HSCs, increased rolling under flow more than CD34-positive and CD38-positive cells, mature HSCs (18) . Shear stress increased mRNA expression levels of Runx1, Myb, and Klf2, hematopoietic-specific transcription factors, in CD41-positive and c-Kit-positive cells derived from ES cells and induced the cells into hematopoietic cells (1) . These findings and our results suggest that shear stress regulates bioactivities and differentiation of circulating phenotype EPCs as well as hematopoietic cells and HSCs.
In conclusion, shear stress increases differentiation, adhesion, migration, proliferation, antiapoptosis, and vasculogenesis of circulating phenotype EPCs by activating VEGF-R2 and the PI3K/Akt/mTOR signal transduction pathway.
